Introduction
Resilience can be defined as lower vulnerability to experiences of environmental risk, and the ability to overcome adversity and stress or to achieve a relatively good outcome despite risk experiences [1] . As such, the concept is often applied to specific risk factors ("relative resilience"). However, it is important to bear in mind that resilience is a dynamic developmental process [2] and there is evidence that individual competences and environmental factors are associated with positive outcomes in the context of various different adversities, a phenomenon that has been termed "true (or overall)" resilience [3] . Probably the broadest empirical evidence for such a domain-general environmental protective factor exists for the supportive social network, both regarding the core relationships and family and also the wider social sphere [4] . Moreover, many of individual's overall resilience factors can be interpreted as crucial for establishing and maintaining social ties, such as interpersonal and emotional competence and social attachment. Likewise, with respect to risk factors, a social component is also clearly prominent in terms of adversities such as ethnic minority status or childhood abuse. Moreover, a social component is strongly suspected to play a role in other adversities like urbanicity, which may be associated with psychosocial stress arising due to social isolation, less social cooperation etc. [5] . To analyze this complex interplay between individual and environment, traits and dynamic adaptation, neuroscience offers a way forward by highlighting neural circuits that are implicated in several such domains. On this empirical basis, their relevance with respect to overall resilience can then be analyzed. Here, we review such research and identify a convergent resilience circuit that is linked to frontal regulation, most prominently by the perigenual cingulate and regions of the prefrontal cortex, and to key limbic structures such as the ventral striatum (VS) and amygdala. Furthermore, we show that this circuit is also impacted by genetic variation linked to gene-environment interactions (G×E). Given the prominent role of this circuit in the regulation of social stress, this suggests a domain-general resilience mechanism that may be utilized for precision prevention and early intervention approaches.
Neural circuits mediating social-environmental risk and resilience From a neurodevelopmental perspective, adverse environmental factors related to social deprivation or a lower quality of social interactions may contribute to dysfunctional brain network maturation. These circuits particularly encompass higher-order regions contributing to the human "social brain", including the perception, affiliation, aversion, mentalizing and mirror network [6] , and neural regulatory circuits specifically involved in stress, emotion, and reward processing. Their adequate functioning is required in order to benefit from environmental protective factors and thus to decrease the risk of future psychopathology [5, 7, 8] . While research is beginning to demonstrate the link from social adversity to negative outcomes via altered neural mechanisms, which is in line with the vulnerability perspective, the resilience perspective has only recently become a focus within neuroscience.
In the following sections, we first review studies assessing the effects of social risk factors (see Table 1 ), followed by research examining protective factors with respect to brain imaging markers. Finally, we review the research, which specifically investigated the impact of such factors under adverse conditions, i.e., actual resilience. As this review focuses on resilience studies, we performed a literature search in PubMed for studies on resilience and protective factors published from the year 2000 until January 2019 using the search items ("protective factors" OR "resilience") AND ("fMRI" OR "MRI" OR "neuroimaging"), which yielded 500 results. Studies were included that assessed the relation between a protective factor and brain structure and function. This resulted in ten eligible studies, the characteristics of which are listed in Table 2 .
Neural convergence sites of social-environmental risk factors
Studies on the neural impact of social adversity-related environmental risk factors have highlighted a critical role for the prefrontal regulation of regions implicated in the signaling of social stress. In particular, this concerns the perigenual ACC (pgACC) and its adjacent regions ( Fig. 1) . The pgACC has previously been suggested to be a primary regulator of negative emotions and of the hypothalamic-pituitary-adrenal axis [9] . This was confirmed by a recent imaging study, which demonstrated lower stress-related activity in the pgACC in individuals with a higher cortisol awakening response [10] , thus suggesting a plausible biological mechanism linking susceptibility to stress within this region. Previous studies investigating social-evaluative stress processing have underlined the vulnerability of this region to environmental stressors, including urbanicity [11] and migration [12] , which are established risk factors for schizophrenia [13] . Specifically, a group of ethnic-minority individuals in Germany showed diminished deactivation of the pgACC during social-evaluative stress compared with German-lineage controls. Furthermore, their level of perceived discrimination was related to increased neural activity in the pgACC and the VS [12] . A similar impact on the neural dynamics of the stress and threat response systems has been observed in studies comparing rural and urban dwellers. Increased amygdala activity and a malespecific decrement of gray matter volume in the pgACC was found in healthy subjects with early-life urbanicity [14] . Moreover, the degree of exposure to urban environments until adolescence was related to increased pgACC activation during social stress induction [11] . Further evidence for a role of the pgACC in selfreferential social comparisons was provided by the finding that low subjective social status was related to reduced gray matter volume in this region [15] .
In addition, extremely negative social interactions such as ostracism have been linked to heightened medial prefrontal cortex activity [16] , along with enhanced recruitment of the dorsal, as well as ventral parts of the anterior cingulate [17, 18] . Accordingly, this may serve as a vulnerability pathway with regard to internalizing symptoms [17] .
Furthermore, it has been reported that the orbitofrontal cortex (OFC), which is one of the key regions representing the affective valence of stimuli [19] , is affected by socialenvironmental risk factors. Longitudinal evidence has demonstrated that early life exposure to poverty, which is related to poor social support [20] , is associated with more lifetime conduct disorder symptoms. This association was mediated by a decreased medial OFC volume [21] . Likewise, poverty has been associated with lower cortical thickness in the ACC and the left superior frontal gyrus [22] and less dorsolateral prefrontal activity during emotion regulation [23] .
In summary, decreased volume in the anterior cingulate and prefrontal areas, as well as blunted activity during regulatory tasks and enhanced activity during exclusion and stress tasks, have been found following socialenvironmental stress exposure. This suggests an In terms of the limbic system, the amygdala has most prominently been highlighted as one of the most stresssusceptible brain regions [see, for example, [5, 7] . However, with regard to functional, i.e., threat-related, findings, the evidence is heterogeneous, with studies showing augmented [24] [25] [26] [27] , as well as blunted activity [28] [29] [30] following social stress exposure. Findings are likewise conflicting with regard to amygdala structure, with studies reporting larger amygdala volumes [29, 31, 32] , null findings [33] , and smaller amygdala volumes [20, 34, 35] in individuals who have experienced social adversity. These contradictory findings might be attributable to a particular variability in vulnerability of the amygdala to the type, magnitude, and timing of stress during brain maturation. Recent research also suggests that the specificity of amygdala functioning might be affected by social adversity. In detail, in contrast to children without previous institutionalization, previously institutionalized (PI) children exhibited no significant difference in amygdala activation when confronted with cues of untrustworthiness versus trustworthiness. Likewise, amygdala activity predicted increased separation anxiety in the PI group only [36] . Accordingly, adaptive functioning of the amygdala following stress might be important to consider in future research.
Furthermore, the reward circuitry has been the focus of research linking social stressors and neuroscience, with evidence indicating differential impacts depending on the stage of reward processing. While during reward anticipation, ventral striatal activity has been reported to be decreased as a function of family adversity [29, 37] , of childhood maltreatment [38] , and of global early deprivation in Romanian adoptees [39] , an opposite effect can be seen during reward delivery [37, 40] . Notably, this pattern is also seen in attention-deficit/hyperactivity disorder (ADHD) [41, 42] , suggesting that less VS activity during reward anticipation and more activity during reward delivery might mediate the association between adversity and ADHD. With regard to structural findings, a study revealed larger putamen volumes in individuals exposed to maltreatment, although this association might be confounded by age [38] , while another study reported smaller caudate nucleus volumes particularly in boys [43] following maltreatment. Notably, the latter finding was recently supported in 14-15-year-old children following social adversity, which in turn predicted increased impulsivity [44] . Thus, the direction of the impact on ventral striatal regions still remains to be elucidated.
In conclusion, social adversity seems to have effects on the developing brain, with alterations of the pgACC and extended prefrontal areas, as well as of the VS and the amygdala most commonly found. There is a body of evidence demonstrating persisting effects until adulthood, which might support enduring poor adaptive coping and an increased risk of psychiatric illness.
Neural convergence sites of protective factors
Despite the growing interest in finding biopsychosocial protective markers, research which relates individual traitlike and general social-protective resources to brain structure and function from a developmental perspective is still in its early stages. Although mostly correlational in nature, these studies have the potential to advance our understanding of the neural mechanisms underpinning the link between resilience and psychopathology.
Recent research has suggested that positive coping with stressful situations, i.e., the deployment of strategies comprising positive self-instruction, reaction, and situational control, is associated with pgACC volume. Specifically, positive coping styles were related to an increased pgACC volume, which in turn mediated the association between positive coping styles and lower levels of anxiety and depressive symptoms in females [45] . Consequently, positive coping as well as pgACC volume seem to work in concert to mitigate the risk of internalizing psychopathology.
Interestingly, the lateral OFC, an area adjacent to the pgACC, has been identified as a neural marker of optimism, which can be described as a protective personality factor relating to coping style [46] . In a study which modeled the interplay between brain, personality, and behavior, optimism was found to mediate the relationship between the lateral OFC and anxiety [47] .
Further support for a link between prefrontal cortex volume and resilience was provided in a study by Morey et al. [48] . The authors reported a larger volume in the ventromedial prefrontal cortex (vmPFC) in maltreated healthy participants and controls when compared with maltreated PTSD patients, suggesting that prefrontal volume may foster resilient functioning and may be specifically protective against internalizing disorders.
In line with these structural findings, a recent study reported that positive coping is additionally related to adaptive stress responding of the vmPFC. Interestingly, the recruitment of the vmPFC during stress was shown to be dynamic, indicating that stress exposure over time leads to an increased mobilization of this area [49] . This, in turn, might indicate that neuroplasticity in the context of adverse environmental influences, rather than stable activity in this region, might be crucial for resilient coping.
In terms of the positive impact of the social environment, neuroimaging studies have confirmed the essential role of attachment figures in altering stress-related brain activity while processing pain under conditions of social support [50, 51] . Remarkably, on a behavioral level, pain ratings were lower, and on a neural level, vmPFC [50] and caudate activity [51] were increased, when participants saw pictures of their romantic partners. Analogously, the physical presence of a partner attenuated activity in threat-sensitive brain regions including the ACC and the insula in participants who held their spouse's hand compared with the hand of a stranger [52] . Likewise, greater social support and diminished cortisol responses were associated with blunted stress-related activity in the dorsal anterior cingulate cortex [53] .
Thus, these studies provide first mechanistic hints that supportive social interactions exert their influence on wellbeing via safety-related, stress regulatory, and rewardrelated neural circuits.
All in all, these findings suggest that the affective control network encompassing the (p)ACC, as well as adjacent regions such as the vmPFC or the OFC (Fig. 1) , together with reward-sensitive regions, show plasticity in terms of protective individual characteristics and may have the capacity to adapt to or buffer adverse social-environmental influences. However, given the correlational nature of the studies reviewed, the direction of these effects remains elusive. As such, longitudinal studies are strongly warranted in order to determine whether resilience traits arise when the necessary neurobiological equipment is present, or vice versa.
The buffering role of protective factors in the social brain
Despite the importance of identifying protective factors that exert their influence in the context of adversity and predict a positive outcome [54] , neuroimaging studies investigating the interaction between these factors are sparse. Nevertheless, there is first evidence to suggest a protective factor model, according to which stress, personal attributes, and social support interact to predict adaptation, i.e., the emergence of dampening effects on a negative outcome due to protective factors in the face of adversity [55] ( Fig. 2a ).
Capitalizing on this resilience perspective, research has reported persistent alterations of the neural reward circuit following high quality early maternal care, in line with the differential susceptibility hypothesis [56] . In the framework of the Mannheim Study of Children at Risk [57] , a longitudinal study that follows participants from birth to adulthood, early mother-child interactions, as a favorable environmental influence, were found to counteract the detrimental effect of familial liability for psychiatric disorders, i.e., early adversity, in terms of reward processing and psychopathology. Specifically, higher maternal stimulation had a prominent impact only in the group with high familial risk: In this group, a higher level of maternal care was associated with fewer ADHD diagnoses. Moreover, differential reward sensitivity in the caudate during reward anticipation and delivery was found in the high-risk group as a function of maternal care. Linking brain and behavior, caudate activity mediated the relationship between maternal care and ADHD in the risk group, thus highlighting a possible neural mechanism with respect to how a protective environment may foster resilience [40] .
A similar interaction pattern in the reward circuitry was also observed in a study linking maternal warmth to motivation-related striatum activity in boys exposed to maternal depression, with distinct effects depending on the timing of the protective environment. In detail, maternal warmth during adolescence was related to increased VS activity, while maternal warmth during early childhood was associated with decreased VS activity in the risk group [58] .
In terms of brain structure, Wang et al. [59] recently showed that the deleterious effect of poverty on hippocampal volume was alleviated by high self-esteem. Although the interaction was only significant at a trend level, the authors confirmed the expected pattern, according to which self-esteem acted as a protective factor only in the risk group. Specifically, there was a positive association between self-esteem and hippocampal volume in the low socioeconomic status group.
Further neuroimaging evidence is required to examine whether risk and resilience factors interact to predict a positive outcome. While current evidence speaks in favor of the protective factor model, future studies are needed to clarify this. It may also be conceivable that protective factors neutralize the effects of risk, in accordance with the protective-stabilizing model [60] , or that protective factors weaken the correlation between risk and negative outcome, in the sense of a protective-reactive model [60] .
Genes and gene-environment interactions in the neural circuits of risk and resilience
Genetic variation, conferring alterations in neurotransmitter systems that are directly linked to the modulation of the neural substrates of social behavior and stress, may be of particular interest for psychiatric risk and resilience. A great deal of research attention has been placed on candidate genes in the serotonergic pathway [61] , which is involved in emotional processing [62] . Increased serotonin turnover in the amygdala, hypothalamus, PFC, and VS can be seen Fig. 2 a The interaction pattern between risk and protective factors as expected according to the protective factor model [55] , with the stressbuffering effect in the risk group only. b The resilient brain. pgACC perigenual anterior cingulate cortex, vmPFC ventromedial prefrontal cortex, OFC orbitofrontal cortex under stress [63] . Likewise, dopamine, which has a direct impact on motivational processing [64] , is released in the PFC following stress and inhibited in the VS [65] . Dopamine levels are altered in stress-related disorders such as depression and posttraumatic stress disorder [65, 66] , with increased dopamine turnover possibly being linked to an exaggerated fear response to stress [67] . Accordingly, variations affecting mesolimbic and mesocortical dopaminergic signaling might be involved in conferring resilience. In the same vein, variations that are directly linked to an altered stress response [68] might play a crucial role in an adequate adaptation to stress.
Imaging genetics has established that genetic variation involved in serotonergic signaling pathways impacts social and affective regulatory brain pathways. A prominent example is a common functional variable number of tandem repeats (VNTR) polymorphism in the monoamine oxidase A (MAOA) gene, whereby the MAOA-H genotype may be considered as conferring resilience in males. As such, a lower emotional sensitivity in the amygdala [69] [70] [71] , along with increased recruitment of prefrontal cognitive control networks (ACC, vmPFC), was reported in individuals with the MAOA-H genotype [69, [72] [73] [74] .
In line with behavioral evidence indicating synergistic effects between MAOA and environmental adversity in terms of shaping antisocial behavior [75, 76] , evidence has been found for a sex-dependent crossover interaction involving MAOA and social adversity with regard to emotion and inhibition networks underlying reactive aggression. In detail, lower emotional sensitivity in the amygdala and enhanced inhibition-related ACC activity was found with increasing levels of childhood stress in MAOA-H as compared with MAOA-L men, while the reverse pattern was found in females. These patterns echoed the three-way interaction emerging with regard to reactive aggression and indicate that alleles related to psychiatric risk and resilience might exert sex-specific effects [77] .
Furthermore, the serotonin transporter gene (SLC6A4) contains a variable-number tandem repeat polymorphism in its promoter region (5-HTTLPR), consisting of a 14-repeat short variant (S-allele) and a 16-repeat long variant (Lallele) [78] , with the latter being seen as protective against psychopathology. The 5-HTTLPR has become one of the most widely studied variants in imaging genetics. Numerous studies have demonstrated an association between the 5-HTTLPR L -allele and decreased activation of the amygdala [79] .
Moreover, heightened functional coupling between the prefrontal cortex and the amygdala has been reported [80] , thereby embedding blunted amygdala activity in the context of increased functional network connectivity. This, in turn, might confer resilience to social adversity. Interestingly, a G×E in the emotion circuits has been found, insofar as environmental adversity moderated the impact of 5-HTTLPR on amygdala activation and connectivity in these circuits [81, 82] . Moreover, a large imaging study found that stress exposure was not related to ADHD, but was linked to less pronounced decrement of prefrontal volumes in the LL genotype as compared with an SS genotype group [83] .
Dopamine-related genetic variations have been extensively studied concerning their impact on the neural circuit of reward processing and dopamine-dependent prefrontal modulation. The catechol-o-methyltransferase (COMT) Val158Met polymorphism (rs4680) regulates the extrasynaptic dopamine degradation due to its impact on the COMT enzyme. Findings regarding the directionality of the functional effects are mixed, with studies reporting lower punishment-related VS activity [84] along with alleviated activation during reward anticipation [85, 86] , as well as potentiated activity of the nucleus accumbens, the ACC and the right inferior parietal lobe during reward receipt [87] , and null findings [88] in Val allele carriers. Evidence has only recently suggested an interaction effect between the COMT polymorphism and childhood adversity in the reward circuit [89] , with lower activity in the VS and ACC with increasing levels of childhood adversity in Val carriers and the opposite effect for Met homozygotes, suggesting a diminished focus on incentives during reward delivery in these individuals.
Polymorphisms in the gene encoding for the D4 subtype of the dopamine receptor DRD4 (chr. 11p15.5) [90] and a VNTR varying between 3 and 11 repeats in the dopamine transporter (DAT; SLC6A3) gene have been shown to influence reward processing, presumably by acting on ventral striatal activity [85, 88, [91] [92] [93] [94] [95] [96] [97] (but see [98] ). However, evidence for genetic effects dependent on socialenvironmental risk and protection is lacking.
Moreover, FKBP5 is a promising candidate gene for conferring resilience, given its direct link to alterations of the stress response. It codes for a protein FK506 binding protein 5-51, a co-chaperone of the hsp90, and regulates the affinity of the GR for cortisol [99] [100] [101] . The most prominent polymorphism in this gene (rs1360780) has been linked to lower FKBP5 expression, and thus to lower glucocorticoid resistance of the glucocorticoid receptor in the CC genotype group compared with the minor T-allele carriers [102] . This results in a more effective negative feedback loop induced by glucocorticoids in the face of stress in the CC genotype, thereby facilitating a more rapid stress adaptation. In line with evidence consistently linking FKBP5 to internalizing psychopathology in the context of the gene-environment interplay (for reviews see [68, 103] ), neuroimaging studies have mirrored this finding with respect to the emotion circuit. Specifically, the CC genotype displayed a blunted threat-induced amygdala activity in the context of social adversity during childhood, while the opposite pattern emerged in the TT genotype [104, 105] . Interestingly, first evidence suggests that the risk allele may exhibit protective effects under positive environmental circumstances, in line with the differential susceptibility model [68] . In a study of peer-victimized, postinstitutionalized children, a femalespecific risk and resilience pattern of T-allele carriers on the low and high victimization continuum, respectively, was seen with regard to depression [106] .
In sum, although the evidence suggests a link between candidate polymorphisms and the social brain, these approaches are hypothesis-driven and may not reflect the complex genetic architecture underlying the multifaceted pathophysiological mechanisms. Therefore, an examination of the interaction between polygenic risk scores and social adversity is promising for future research.
Intervention
The malleability of prefrontal regulation networks and key limbic structures by social adversity and domain-general individual resilience traits reflects the dynamic system-level interaction between neurobiology and behavior. Moreover, it suggests structural as well as functional neuroplasticity, which might offer the potential to acquire and foster neural resilience. In this regard, practicing mindfulness and promoting trait-level resilience factors such as positive coping strategies might induce cross-system-level brain-behavioral changes, which may in turn have a beneficial effect on socioemotional well-being [107] .
Important progress in overcoming the methodological shortcomings of lacking external validity when modeling social life has recently been made thanks to the implementation of several cutting-edge methods, which should enable researchers to draw important conclusions about protective factors in the future.
As an example, pioneering work measuring the neural coupling by means of hyperscanning, i.e., two-person neuroimaging, may offer important insights into the biology-based formation of social bonds. Accordingly, a recent study by Bilek et al. [108] provided evidence of decreased neural coupling during social interactions as a biomarker for unstable interpersonal relationships, as seen in borderline personality disorder. Thus, hyperscanning may be a promising approach to achieve a more naturalistic examination of social risk and resilience factors, such as social support, self-regulation, and exclusion.
Moreover, the tracking of human behavior during reallife social interaction in the individual's natural habitat is feasible due to ecological momentary assessment [109] . Here, smartphone-based electronic diaries enable a more realistic picture of the quality of interpersonal relationships by capturing the quantity of social interactions along with momentary mood and affect. Crucially, the ability to merge these data with other smartphone-implemented functions capturing physical activity and the geographic environment of social interactions, as well as with neuroscience, may have strong potential to explain some of the missing links in the etiology of stress-related disorders [5] . One seminal study in this field bridged the gap between neuroscience and real-life circumstances by demonstrating that lower rewardrelated caudate activity in adolescents with major depressive disorder was linked to lower positive affect in the participant´s naturalistic setting [110] .
Furthermore, interventions targeting the neurobiological level may have promising effects. Recent research aiming to enhance self-control over physiological parameters through bio-or neurofeedback, and over the activation of certain brain areas and circuits through real-time fMRI feedback, has shown great potential. Such approaches are already applied in the treatment of epilepsy and Tourette syndrome (for a review see [111] ), ADHD [112] and psychopathy [113] . Remarkably, real-time (rt) fMRI feedback has already been applied to increase voluntary control over brain regions that have been reported in the present review to show plasticity to social risk and resilience. Indeed, first evidence suggests that amygdala-based real-time fMRI feedback successfully enhances emotion regulation skills as indicated by the downregulation of amygdala activity [114] . Similarly, self-control over reward-related core regions of the ventral striatal area was accompanied by enhanced motivation on a behavioral level in healthy participants [115] , and the capacity to regulate regions of the inhibitory control circuit was achieved, along with symptom reductions, in boys with ADHD [116] . Furthermore, modulating OFC activity through real-time neurofeedback was found to reorganize functional brain networks and improve anxiety symptoms in both healthy subjects and clinical patients [117] . Importantly, the beneficial effects of OFC training were apparent on average 3 days after the training, which may be a first hint for long-lasting effects. It is crucial to investigate the latter in future studies, given findings that the actual learning process of neurofeedback using EEG was not detectable until follow-up measurements up to 6 months after training [118] . It remains to be determined how many training sessions are needed to effectively learn self-control over brain activity, thus ensuring the avoidance of ceiling effects and the achievement of behavioral improvements, which might be important factors in cost-benefit calculations.
In addition to these interventions focusing on the individual, environmental prevention might be an attractive public health approach to mental illness. While it is impossible and indeed undesirable to prevent the occurrence of ubiquitous stressors such as urban birth and migration, neuroscience can help by parsing such complex compound risk factors into components that might be amenable to prevention. For example, parsing the impact of urbanicity into effects of its subdomains, such as social interactions, green spaces, noise, traffic etc., on the neural system may help to rank-order these components in terms of their relevance for prevention.
Open questions and future research directions
The impact of early adversities on the neural level is likely linked to development insofar as environmental risk factors might have qualitatively and quantitatively different effects depending on the age at which they occur. The same might apply to the timing of adverse events, as well as their severity, burden, and the specific type of adversity, which has still not been clarified. Longitudinal studies are strongly warranted to disentangle how the timing of risk and resilience factors affects neural circuits. Analogously, it is of particular interest whether the timing of the impact of candidate protective factors or of the emergence of social support networks changes the level of protective influence on the social brain. This may also point to treatment interventions such as cognitive behavioral therapy, which strongly relies on the acquisition of positive coping styles. A related question in this context pertains to the reversibility of the unfavorable structural and functional changes following social adversity by the evolvement of protective factors, which has not yet been systematically examined. However, first evidence may provide hints that such a possibility might exist [40] .
In addition, it has to be acknowledged that particularly the findings on the neural mechanisms underlying resilience were based on moderate sample sizes (see Table 2 ) and were perhaps not hypothesized a priori. In the same vein, multiple testing remains a core problem in neuroimaging studies, with multiple regions of interest and therefore possible false-positive findings.
A similar caveat is the lack of specificity, as multiple regions show an association with adversity. Therefore, most results depend on the choice of the regions of interest, which are diverse across studies (see Tables 1 and 2) , thus impeding the ability to make definitive statements about the affected areas. Therefore, meta-analyses across whole-brain data are strongly warranted in order to disentangle the neural convergence of risk and resilience factors. Moreover, differing effects are not only seen in one modality; rather, discrepant findings also emerge with regard to the directionality of the effects, such as increased or blunted amygdala activity after adversity (see Table 1 ). The interpretation of the results is aggravated further by the fact that effects that are found in terms of function are not necessarily mirrored by structural effects, making it difficult to draw inferences about behavioral consequences of an altered structure.
Likewise, the development of protective individual characteristics such as impulse control and self-regulation may be strongly dependent on prefrontal brain maturation. This is crucial given that early adversity and protective factors act on the same neural mechanisms and may therefore interfere with each other. As an example, the question arises of whether a child who encountered early social-environmental risk factors may have the same capacity to develop prefrontal-dependent regulatory mechanisms as a nonexposed child. First, it may be hypothesized that early adversities affect neural development through an accelerated decline or a delay of cortical development, which might prevent the emergence of critical individual characteristics linked to prefrontal function. Second, it may be conceivable that challenging, but not overwhelming, stress might enhance the maturation of neural circuits linked to self-regulation "stress inoculation perspective", [119] , suggesting a nonlinear relationship between risk, protective factors, and outcome. In support of the latter, recent evidence revealed that moderate childhood adversity enhanced emotion regulation capacity on a neural and behavioral level [120] . This is in line with the challenge model of resilience, which states that stress in the medium range has competence-enhancing effects [55] . Therefore, it remains unclear whether the mobilization of resilience resources may be triggered or hindered depending on social adversity and, in particular, on the stress load.
Furthermore, the question of whether disjoint protective factors and neural substrates may exist, which act in concert to foster the development of resilient functioning, still needs to be addressed. In analogy to the fact that risk factors are often correlated, the same might apply to protective factors, such as higher optimism motivating more positive coping [46] . As such, protective factors may act jointly, for example in a multiplicative or additive manner, to promote resilience. However, in some cases, domainspecific protective effects might be present, challenging the identification of universal factors. Consequently, a finer differentiation of the precise environmental or personality components of these social exposures is crucial, as it may provide important mechanistic entry points for evidencebased preventive and therapeutic interventions [for a review of preventive interventions (see [121] ) for the promotion of resilience in general. All of this points to the necessity to study individual risk and resilience in longitudinal cohorts, combining fine-grained assessments of the environmental landscape with sensitive measures of the impact of the environment on the individual and the developmental course of coping and maladaptive behaviors, which interact with environmental factors in a bidirectional manner.
Summary
In sum, vulnerability and resilience to stress-related negative sequelae converge, at least in part, on shared neural substrates and relate to regional neuroplasticity. In particular, the development of the resilient brain seems to be closely tied to the emergence of intact social networks, and to positive individual traits such as positive coping, self-esteem, and optimism. Echoing the findings reported above, a larger prefrontal and ventral striatal volume, sensitive reactivity in reward-related regions, the capacity to downregulate the amygdala, and adaptive prefrontal pgACC and vmPFC stressrelated activity, might underpin resilient functioning. This allows the brain to operate more efficiently in the face of adversity and thus to maintain emotional and behavioral control in order to actively cope with enduring stress exposure (Fig. 2b ). Furthermore, as reviewed above, overlapping circuits are also affected by serotonergic, dopaminergic, and stress-regulatory genetic variations that interact with the environment to predict social behavior and psychopathology.
In conclusion, findings suggest a systems-level convergence of social risk and resilience factors encompassing genetic makeup, social environment, and personal characteristics implicated in shaping the specific neural components that may underlie acute stress reactivity, adaptation, and active coping. This highlights the capacity of the human brain to adapt to or buffer adverse environmental influences. Embracing the possibility to combine multilevel approaches to promote resilience may give rise to precision prevention and early intervention, and ultimately improve therapeutic benefits and quality of life in risk populations. Further studies, especially longitudinal cohort studies with dense phenotyping of participants, are required to refine our understanding of the dynamic interplay between individual and environmental risk and protective factors, which plays out in the convergent plastic neural circuits underlying resilience.
